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ABSTRACT
It has been proposed that an intermediate mass black hole can produce compact
molecular clouds with large velocity dispersions. This model is called into question due
to the discovery of several such short lived clouds, which suggests they are common,
and hence it is unlikely that their formation involves an exotic object such as an
intermediate mass black hole. In this paper we propose an alternative model, where
supernovae produce such clouds. We apply our model to a such a cloud called CO-
0.40-0.22. A previous work pointed out the fact that the kinetic energy of this cloud is
comparable to that from a supernova, but disqualified the supernova scenario due to
lack of thermal emission. We explain the lack of thermal emission as a consequence of
the large density of the medium. In such a medium, the supernova shock is radiation
dominated, and hence the initial temperatures are lower by many orders of magnitude
compared with a typical supernova. Finally, we discuss some of the consequences of
having a significant population of intermediate mass black holes in the galactic centre.
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1 INTRODUCTION
Recent observations revealed a number of peculiar molec-
ular clouds, also known as high-velocity compact clouds
(HVCCs), in the galactic bulge (Tokuyama et al. 2017;
Oka et al. 1999). Their properties are summarised in table
1. The typical projected size of these clouds is less than 10
pc, and their spread in radial velocities is a few tens km/s,
significantly larger than expected from their motion in the
Galaxy or from their self gravity. One particular cloud, CO-
0.40-0.22, rose to prominence as evidence for an intermediate
mass black hole (Oka et al. 2015). It has been shown that
the cloud’s velocity dispersion can result from a scattering
event by a compact object with a mass of 105M⊙ (Oka et al.
2017).
Alternative explanations for the observed features
have also been considered. One candidate is a supernova
(Oka et al. 2017). While the kinetic energy of CO-0.40-0.22,
1049.7 erg, is similar to that of a typical supernova (as are
the energies of the other clouds, see table 1), this scenario
has been disqualified because no counterpart in other wave-
lengths has been observed, whereas a typical supernova rem-
nant is expected to emit in the X-ray range (Cioffi et al.
1988).
Without strong evidence to the contrary, it is reasonable
to assume that the observed high-velocity compact clouds
⋆ E-mail: almog.yalin@gmail.com
share a common origin. Given that there are at least 7
HVCCs, with typical lifetimes (inferred from their sizes and
velocities) of 105 years, suggests a formation rate of such
clouds of at least 10−4yrs−1. This alone implies that the ori-
gin of these clouds should be a relatively ‘common’ one, and
casts doubt on the intermediate black hole scenario.
In this paper we re-examine the supernova scenario. A
supernova shock wave in a molecular cloud will be radiative
(Chevalier 1999; Wheeler et al. 1980) and hence the temper-
ature is expected to be much lower than that of a typical
supernova remnant whose shock wave encompasses a com-
parable ISM mass. This effect significantly suppresses the
X-ray emission.
The paper is organized as follows. In section 2 we ex-
plain the absence of the expected thermal emission from a
supernova embedded in a molecular cloud. In section 3 we
present possible issues with the association of intermediate
mass black holes with dense molecular clouds with high ve-
locity spreads. In section 4 we summarise and discuss some
general implications of these results.
2 SUPERNOVA SCENARIO
A slow shock wave moving through cold interstellar medium
will heat it up to a temperature kBT ≈ mpv
2, where mp is
the proton mass, and v is the velocity of the shock. This
is called a matter dominated shock. Higher velocity shocks
© 2015 The Authors
2 A. Yalinewich and P. Beniamini
Designation Size [pc] ∆V [km/s] Mass [M⊙] M
1
vir [M⊙] E
2
k
[erg] t3age [yrs] ref.
CO 0.02-0.02 3.5 100 9 · 104 8.1 × 106 1.3 × 1051 7 × 104 Oka et al. (1999)
CO 1.28+0.06 8 100 ≈ 4 · 104 1.9 × 107 6 × 1050 1.6 × 105 Tokuyama et al. (2017)
CO 2.88+0.08 5 80 ≈ 104 7.4 × 106 1050 1.2 × 105 Tokuyama et al. (2017)
CO 3.34+0.43 8 30 ≈ 4 · 104 1.7 × 106 5 × 1049 5.3 × 105 Tokuyama et al. (2017)
CO 0.40-0.22 5 100 4000 1.2 × 107 6 × 1049 105 Oka et al. (2015)
HCN 0.009-0.044 0.37 20 16 3.4 × 104 1046 3.7 × 104 Takekawa et al. (2017)
HCN 0.085-0.094 0.33 40 13 1.2 × 105 3 × 1046 1.6 × 104 Takekawa et al. (2017)
1 Virial mass of the cloud estimated from size and velocity, Mvir = G∆v
2r .
2 Kinetic energy of the cloud assuming a uniform sphere undergoing homologous expansion, Ek =
3
10
M∆v2.
3 lifetime of cloud estimated from size and velocity, tage = r/∆v.
Table 1. Parameters of the high velocity compact molecular clouds. Approximate sign in the mass column indicates that a line based
mass estimate was not available. In those cases, mass was estimated by multiplying the volume of the cloud with the average density of
the line emitting gas (104.5cm−3) times a reasonable filling factor 0.1.
will be radiation dominated, in which case the temperature
is given by T ≈
(
ρv2/a
)1/4
, where ρ is the mass density and a
is the radiation constant (Katz et al. 2010). In equilibrium,
the temperature will be the lower of the two. Figure 1 shows
a map of the equilibrium temperature as a function of shock
velocity and upstream density. In all astrophysical shocks
considered in this work the equilibrium state is radiation
dominated. However, some shocks could still emit as though
they are matter dominated because they are so dilute that
they cannot produce enough photons to reach (the radiation
dominated) thermal equilibrium within their lifetime. Such
is the case for a typical supernovae remnant. At high tem-
peratures, when matter is completely ionised, the dominant
emission mechanism is thermal Bremsstrahlung. The emis-
sivity of this process is given by (Rybicki & Lightman 1986)
εbs ≈ α
mec
3
r
4
e
(
r
3
e
ρ
mp
)2 √
kBT
mec
2
(1)
where α is the fine structure constant, c is the speed of
light in vacuum, me is the electron mass and re is the
classical electron radius. The emissivity in equation 1 is
roughly accurate for T > 109K, but underestimates the
actual emissivity at lower temperatures due to line emis-
sion (Sutherland & Dopita 1993). To reach a Planck ther-
mal equilibrium, a fluid element has to produce enough
photons (Svensson 1984). This photon density is given by
(Nakar & Sari 2010)
nbb ≈
aT
4
kBT
≈ a1/4v3/2ρ3/4/kB . (2)
where the subscript of nbb stands for black body. The pho-
ton production rate (εbs/kBT) decreases with temperature,
so it is at its minimum at the matter dominated temper-
ature. The number of photons necessary to reach Planck
equilibrium depends on the radiation dominated tempera-
ture. Their ratio gives an upper bound on the timescale to
reach Planck equilibrium
tbb ≈ 2 · 10
14
(
v
1000 km/s
)5/2 (
ρ
1.6 · 10−24 gram
)−5/4
yrs . (3)
The actual timescale is somewhat shorter, because as pho-
tons are produced the temperature drops, and the photon
production rate increases. Another effect that further accel-
erates cooling is called a thermal instability. This is a posi-
tive feedback loop, where cooling leads to a reduction in the
effective adiabatic index, which leads to an increase in the
density of the shocked material, which leads to an increase
in the cooling rate and so on (Blondin et al. 1998).
The mass of CO-0.40-0.22 is estimated at 4000 solar
masses (Oka et al. 2015). A typical supernova encompasses
this much mass towards the end of its life, when the ra-
dius is a few tens of parsecs, and its age is a few 104 years
(Blondin et al. 1998). According to equation 3, the time
needed to reach thermal equilibrium is much larger than the
age of the supernova, and hence the temperature is mat-
ter dominated. At such high temperatures, the shocked ISM
is completely ionised, so opacity is solely due to Compton
scattering. The optical depth of a typical supernova remnant
with a radius of a few tens of parsecs is
τ ≈ RκT ρ ≈ 10
−4 R
50 pc
ρ
1.6 · 10−24 gram/cm−3
(4)
where R is the radius of the supernova remnant. τ ≪ 1 im-
plies that any photon generated will immediately escape the
system, and its energy will be lost from the supernova rem-
nant.
In contrast, let us consider a supernova in a much denser
environment. The molecular cloud CO-0.40-0.22 is thought
to have been much more compact prior to the start of its
current expansion. We assume a size of 0.2 pc, adopting
the value used in (Oka et al. 2015), although our conclusion
will also hold for more compact initial clouds. A supernova
shock wave propagating according to a Sedov Taylor solution
(Sedov 1993; Taylor 1950) will cross this distance within
about t = (ρ/E)1/2r5/2 = 2000 years (where E is the blast
wave energy and ρ is the mass density). The time needed
to reach a Planck spectrum is only 200 years. The optical
depth to Compton scattering at that point is 8. Therefore,
the shock wave can attain Planck equilibrium, which means
most of the energy is in photons and the temperature is 900
K. These photons, however, are unable to escape because
the optical depth is larger than unity.
The shock eventually reaches the edge of the cloud, af-
ter which the cloud continues to expand at a constant ve-
locity, because the gas around the cloud is much more ten-
uous (Cordes et al. 1993). In contrast to regular supernova
MNRAS 000, 1–5 (2015)
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Figure 1. Map of the equilibrium temperature as a function of
the shock temperature and upstream density.
remnants, where the optical thickness increases with time
(but never making it to unity before the onset of radiative
cooling), the optical thickness of the freely expanding cloud
decreases with time. The cloud continues to cool both adia-
batically, and radiatively, since its optical depth to Compton
scattering has dropped below unity. However, even after the
thermal energy has been exhausted, the kinetic energy re-
mains almost unchanged. By the time the cloud reaches its
current size, adiabatic cooling alone will drop the tempera-
ture below 90 K. Such low temperature precludes any emis-
sion in the X-ray range. Even in lower wavelengths it would
be hard to observe, as it is of the same order of magnitude
as the background (Oka et al. 1998).
One possible issue with the supernova scenario is that
at the shock front the temperatures are still very high, and
this can destroy molecules. These molecules are expected to
reform after the transition of the shock front, but this pro-
cess can take a long time, possible longer than the lifetime
of the system. This difficulty could be averted if the shock
develops a precursor wave due to photons leaking to the up-
stream material (Draine & McKee 1993). These precursors
can drastically decrease the peak temperature attained as
a fluid element traverses the shock front and travels down-
stream.
The supernova scenario is also supported by a statisti-
cal argument. A cloud formation rate of 10−5yrs−1 is consis-
tent with a supernova origin, as these have a much larger
rate of 10−2yrs−1 in the Galaxy (Diehl et al. 2006). Further-
more, massive star forming regions and hence the supernovae
that follow them, are known to preferentially occur within
such dense molecular clouds (Lada & Lada 2003; Saito et al.
2007; Heyer et al. 2016). This is consistent with the ob-
servation of “shell” features, thought to be cavities blown
by multiple supernovae, next to some high velocity clouds
(Oka et al. 2015).
3 IMPLICATIONS OF INTERMEDIATE MASS
BLACK HOLES
So far, about 4 such clouds have been detected at distances
of a few hundred parsecs from the galactic center (Oka et al.
1998), one at a distance of 60 pc (Oka et al. 2015), and
two within 20 pc (Takekawa et al. 2017) (see table table 1).
Assuming all such clouds are due to an intermediate mass
black hole and assuming that they each correspond to a
unique black hole, we can get a lower limit on the number
of such black holes. The lifetime of these clouds is of the or-
der of a hundred thousand years, after which they break up
completely. Assuming a constant formation rate, this corre-
sponds to a rate of at least rc ≈ 10
−4yr−1. Thus, roughly 106
such clouds have been formed over the Milky way’s evolu-
tion and the total mass of the black holes within 300 pc of
the galactic center would be huge, about 1011 M⊙ , which is
larger than that of the galactic bulge.
Each intermediate black hole could, in principle, pro-
duce multiple high velocity clouds. This will of course re-
duce the requirement on the total mass in intermediate black
holes. However, this will require a large number of such
clouds, and hence a large mass. The net mass of the high
velocity clouds needed can be estimated by assuming ran-
dom, isotropic collisions is
Mc ≈
mcr
3
orc
Nhb
2
cvv
≈ 2.6 · 109
mc
104M⊙
(
ro
300 pc
)3
× (5)
×
(
Nh
102
)−1 (
b
1 pc
)−2 (
rc
10−4 yrs−1
) (
vv
100 km/s
)−1
M⊙
where mc is the average mass of a high velocity cloud, ro is
the galacto-centric radius to which they were observed, Nh
is the number of black holes, vv is the virial velocity and bc
is the critical impact parameter between a cloud and a black
hole below which the cloud will be disrupted. The total mass
of these clouds decreases with the number of black holes. For
102 intermediate mass black holes, as suggested by some
studies (Rashkov & Madau 2013), the total mass in high
velocity clouds becomes more than an order of magnitude
larger than the total mass enclosed within the central 300
parsec, which is about 108M⊙ .
Figure 2 depicts the total implied mass in intermediate
black holes and high velocity clouds within the inner 300
parsecs (an area also known as the central molecular zone or
CMZ). As can be seen from the figure, under the assumption
that all high velocity clouds are accelerated by black holes,
the sum of the clouds and black hole masses is larger than
the entire observed mass of the CMZ for any number of
intermediate black holes.
Another argument limiting the number of intermediate
mass black holes is the rate of tidal disruption events. A
black hole will tidally disrupt stars within their loss cone
(Rees 1988). The cross section for such an event is given by
σlc ≈
GMh
v
2
v
Rs
(
Mh
ms
)1/3
(6)
where G is the universal constant of gravity, Mh is the mass
of the intermediate mass black hole, Rs is the stellar radius
and ms is the mass of the star. The time scale for tidal
disruption of stars by a single intermediate mass black hole
MNRAS 000, 1–5 (2015)
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Figure 2. Total implied mass in intermediate mass black holes
and in high velocity compact clouds, assuming that all high veloc-
ity clouds are due to interactions with such black holes. Regardless
of the number of black holes, the implied mass is larger than the
entire observed mass in the CMZ.
is
tlc ≈ 2 · 10
9
(
ns
102 pc−3
)−1
vv
102 km/s
× (7)
×
(
Mh
105M⊙
)−4/3 (
Rs
R⊙
)−1 (
ms
M⊙
)1/3
year
where ns is the number density of stars. When the num-
ber of intermediate mass black holes exceeds 105, then the
rate of tidal disruption events will exceed the the theoreti-
cal rate expected due to the supermassive black hole at the
galactic centre (once per 104 years). The rate inferred from
observations is even lower (Stone & Metzger 2015), which
sets an even more stringent upper limit on the number of
intermediate mass black holes.
4 CONCLUSIONS
In this paper we discuss the recent suggestion that a com-
pact cloud with high velocity spread serves as evidence for
an intermediate mass black hole. We propose a less exotic
scenario, where the same observational features can be re-
produced by a supernova. A supernova has enough energy to
endow the molecular cloud with its current velocity spread.
Since such a supernova exploded in a very dense environ-
ment, photon production is much faster, compared with a
typical supernova remnant. As more photons are generated,
the same amount of energy divides between more particles
and the temperature drops. We show that contrary to a typ-
ical supernova, material shocked by a supernova in a dense
environment can attain Planck equilibrium on a time scale
shorter than the dynamical time. We demonstrated this for
thermal Bremsstrahlung. Other emission mechanisms such
as atomic and molecular lines can accelerate this process
even further.
In addition, we presented two arguments against the as-
sociation of these clouds with black holes. Due to the short
lifetimes of these clouds relative to the age of the galaxy, we
estimate that there have been many more such clouds in the
past, which have since dispersed. We showed that this im-
plies that the total mass of molecular clouds and intermedi-
ate mass black holes exceeds the mass of the volume in which
they were observed. The second argument is that these black
holes may cause too many tidal disruption events, in excess
of the rate inferred from observations. This problem is fur-
ther exacerbated by the fact that intermediate mass black
holes can disrupt compact object like white dwarfs, which
bigger holes cannot (Rosswog et al. 2009).
Another feature associated with CO 0.40-0.22 is a con-
tinuum millimeter wavelength source (Oka et al. 2015). The
spectrum is sampled at two frequencies, 231 and 266 GHZ,
with fluxes 8.4 and 9.9 mJy, respectively. This emission is
thought to be blackbody radiation from an object with a
temperature of 9 K.We can conceive of two possible explana-
tions for this emission. One option is a protostar, which can
reach a similar luminosity and temperature (Larson 1969).
Another option is a neutron star. Other neutron stars in
the galactic centre produce similar fluxes (Schnitzeler et al.
2016). A neutron star’s flux in this frequency typically de-
creases with frequency, which is inconsistent with the obser-
vations. This inconsistency can be due to fluctuations that
exceed the error margin, as can be seen in the observations
of the Crab pulsar spectrum (Arendt et al. 2011). Hopefully,
future observations at different frequencies will shed light on
the nature of the continuum source.
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